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Food allergy Is a common and often fatal disease with no effective treatment. We describe here a 
new immunoprophylactic strategy using oral allergen-gene Immunization to modulate peanut anti- 
gen-induced murine anaphylactic responses, Oral administration of DNA nanoparticles synthesized 
by complex ing plasmid DNA with chitosan, a natural biocompatible polysaccharide, resulted in 
transduced gene expression in the intestinal epithelium. Mice receiving nanoparticies containing a 
dominant peanut allergen gene (pCMVArah2) produced secretory IgA and serum lgG2a. Compared 
with non-immunized mice or mice treated with 'naked' DNA, mice immunized with nanoparticles 
showed a substantial reduction in aliergen-induced anaphylaxis associated with reduced levels of 
IgE, plasma histamine and vascular leakage. These results demonstrate that oral allergen-gene im- 
munization with chitosan-DNA nanoparticles is effective in modulating murine anaphylactic re- 
sponses, and indicate its prophylactic utility in treating food allergy. 



Food allerg}' poses a considerable public health problem, espe- 
cially in children, because of l:he potetstial severity of allergic by 
persensitivity. In the US, food allergies are the most common 
t ause of anaphylaxis l.reaiod in hospital emerger-.cies' -. About 100 
fatul cases of food-induced anaphylaxis occur in the US each 
year-', with peanuts and tree nuts together representing the lead- 
ing cause of fatal and near-fatal reactions''*'*. Most food-allergic 
responses involve immunoglobulin E (IgE) -mediated reactions^, 
and failure to develop, or a breakdown in, oral tolerance may 
result in the production of food-specific IgE antibodies. IgE and 
allergens activate mast cells and basophils through the high- 
affinity IgE receptor. This activation causes the release of 
liistamine and other mediators, leading to systemic anaphylactic 
reactions''. 

Although peanut allergy is an increasingly important: public 
health, problem, its only proven treatment consists of educating 
patients to completely avoid all possible sources of peanuts. 
However, many accidental exposures (up to .50% of patients per 
year''''^) occur because of the ubiquitous use of peanut protein in a 
variety of food products. Two small clinical trials in which esca- 
lating doses of allergen extracts were administered within a pe- 
riod of days demonstrated only limited efficacy and unacceptable 
side effects. Given the large number of patients with potentially 
fatal food allergy, the extreme difficttlty in avoiding all fcwd aller- 
gen exposure and the lacls of !»fficacy for standard immun- 
otherapy, effective prophylactic and therapeutic strategies are 
urgerstJy needed. 

DNA vaccination studies to modulate aer<:)- allergen-induced IgE 
syntl iesis and airway hyper-responsiveness have produced promis 
ing results"'". Intramuscular or inlxadermal administi'ation of 
'naked' plasmid DNA ericoding an antigen results in syntliesis of 



the antigen protein by the cells and subseqvient development of 
both cellular and luLuioral imniune re-sponses to the anti- 
gen""'"'"'''-. However, despite the recent success of DNA-based im- 
munization through intranmscular, intradermal and 
subcutaneous routes, oral vaccination with "naked" DNA has liiipu 
inoslly itielTeciive"'. Oral vaccination is u.scful not only because it 
generates mucosal immiiniiy but also because of its high patient 
compliance, ease of administration and applicability for mass vac- 
cination especially in third-world countries. Complex coaceivates 
of DNA and chitosan". a natural polysaccharide available from 
crustacean shells, could be used as a delivery vehicle in gene ther- 
apy and vaccine design. Chitosan is a biocompatible and slowly 
biodegradable polymer that has been widely used in cotitroUed 
drug delivery"^^', and it may provide a less immunogenic and 
non-toxic carrier for successful oral delivery of plasmid DNA. 
Chitosan also increases the IranscelKilar and paracellular l;!'ansport 
across mucosal epithelium''', further indicative of il;s potential in 
oral gene delivery and in gcnei'atiiig protective mucosal immune 
responses. Here we report oral immunization using cfiitosart -DNA 
nanoparticles carrying the gene for a priricipal peanut allergen, 
Arah2, and demonstrate their efficacy in modulating antigen-in- 
duced hypersensitivity in a murine model of peanut allergy. 

Nanoparticle synthesis and characterization 
We synthesized the nanoparticles b\' complexing high-molecu- 
lar -vvright (about 390,000 Da) chitosan with plasmid DNA. We 
obiai.neri uniform fjarticles by adding 0.02% chitosan, pH .5.7, at 
5t "C 10 (jlasrnid DNA (50 ug/m! in 50 mM sodium sulfate) during 
high-speed vortexing. Transmission and scanning electror"! mi- 
croscopy showed that freshly prepared particles are approxi- 
mately 150-300 nm in size and fairly spherical (Fig la). The 
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Fig. 1 Appearance and size distribution of DNA 
narioparticles, a, Transmission electron rnicrograph of 
chitosan-DNA nanoparticles. Scale bar represents 210 
rirn, tt, Size distribution of freshly prepared nanoparticles. 
Size was measured using photon correlation spectroscopy 
(dynamic llglit scattering) and data were plotted as num- 
ber distribution. 




|.>lasmid is partially protected frorn DNase degradation in this for 
mulatioii^'' and its gel migration properties are unchanged by the 
process of forming complexes (results not siiown) , Dynamic, ligl ii 
scat1:ering measurements showed a iittiinodal particle size disiiii)- 
ution (number average) between 100 and 200 nm (Fig. lb). Tlie 
zeta potential was approximately +10 niV at pH 5.7 and close to 
tieutral at pH 7. Thus, the particles are probably positively 
cl iarged at gastric and early duodenal pH but neutral thereafter at 
more physiological or alkaline pH, 

Gene expression studies 

To as-sess the expres-sion and distribution of transduced genes 
after oral DlNA delivery, we fed AKR.'J mice either chitosan--DN.^ 
nanoparlicles containing tlte LatZ gene (p43LacZ) or 'naked' 
plasmid DNA (p43LacZ). We determined the tissue expiessiort of 
bacterial |3-galacotosida,sc (LacZ) in the .stomach and small intes- 
tine 5 days after the oral administration (Fig. 2a-c/). The stained 
sections represent, on average, 10% of the whole small intestine. 
Although naive mice and mice fed 'naked' DNA showed some 
background staining, mice fed the nanoparticles showed a higher 
level of gene expression in V>oth the stomach and the small Intes- 
i tne. We counterstiiinecl fro/en sections of the whole tissue from 
I'"!g, 2a will-) nuclear-fast red (fig. Ze) . Histologically, it, seeins that 
only epithelial cells iit both ttie st;ornacf) and small inl,estir)e are 
stained intensely with X-gai, No staining of lieinatopoielic cells 
was seen, altliough irnmunotiistochernistry may not be sensitive 
enough to identify a few transfected immune cells. 

Antibody response against Arali2 

To assfiss the potential utility of oral nanoparticle-mediated gene 
immunization in modulating the mucosal immune response, we 




Fig. 2 (i-galactosidase expression in mouse stomach and small Intestine 5 
days after oral delivery of DNA nanoparticles. a~d, Whole tissue staining for 
LacZ: only stained sections are shown. Mice were fed high-molecular- 
weight chitosan-p43LacZ nanospheres at a dose of 50 ng (a) or 100 ng (b) 
per mouse, PBS (c) or 'nal<ed' DMA (p43LacZ; d), e-g. Histological sections 
frorn tissues in a. The nuclei were counterstained with nuclear-fast red. 



u.sed a murine model of peanr.!t: allergen -induced hypersensitiv- 
ity. Susceptible straitis of mice develop anaphylactic reactions 
wltli features similar to those seen in allergic patients'". We in- 
duced anapiiylaxis by combitied oral and irUraperitoneal sensiti- 
zation with crude peanut extract and adjuvants (cholera toxin 
and alum, respectively), followed by intraperitoneal challenge 
With recombinant Arah2. In this murine model of peanut hyper- 
sensitivity, Arah2 is the dominant anaphylaxis-inducing antigett 
in mice sensitized with peanut (PN) , as demon-strated by Arah2- 
specific IgE and lymph node T-cell response. The hypersensitivity 
responses include the induction of S|.)e(,ific IgE antibodies and 
liistarnine, vascular permeability and active systemic anaphy- 
laxis. Using this niotJel, w(' first dci:orrnined v;he1;her oral delivery 
of nanoparticles containing pCMVArah2 was able to induce a 
substantial immune response. Four weeks after the first immu- 
nizaiion, there were substantial differences in the levels of se- 
creted and serum antibodies between nanopartlcle- immunized 
mice and control mice (PBS-fed or naive) or mice immunized 
with 'naked' DNA (pCMVArah2) (Fig. 3a-c). Mice immunized 
with pCMVArah2 nanoparticles had increased levels of secretory 
IgA in fecal extracts, indicating induction of mucosal immune re- 
sponse. In addition, there was a substantial Induction of sertim 
anti-Arah2 IgG2a in nanoparticle t,real:ed mice, indicating a T 
helper-cell typel response. Mice receiving pCMVArahZ alone 
('naked' DNA) without chitosan showed no detectable levels of 
either fecal IgA or serum lgG2a response at any time points, 
Because allergic reactions are mainly characterized by an increase 
in antigen specific serum IgE levels, we also measured the levels 
of anti-Arah2 serum IgE before and after sensitization in the im 
munized and control mice. The increase in serum IgF, (level after 
minus level before) was considerably less salient in the nanoparti- 
cle-immunized mice than in the control mice or mice immunized 
with 'naked' DNA. 

Protection of immunized mice against Arah2 challenge 

We assessed artapl'iylactic responses in twi;) separate sets of exper- 
iments immediately after intraperitoneal challenge with Arah2 
protein in immunized and control mice 1 week after tlie third, 
sensitization with PN (Fig. 4). Mice receiving sensitization alone 
without prior immunization or treated with 'naked' DNA 
(pCMVArah2) showed physical signs of anaphylaxis within 
10 -20 min of challenge. The symptoms included slight or no ac- 
tivity after prodding, spasmodic labored breathing with retrac- 
tions and sometimes death. We scored this severity as 3 5. In 
contrast, considerably less-sevei'e (score of 0-2) and delayed ana- 
phylactic re,sponse,s were seen after challenge in mice immunized 
with chitosan-pCMVArah2. As ari additional control, we immu- 
nized one group of mice (n 5) wilii chitosan nanoparticles con- 
taining the plasmid vector alone (witfiout trie Araii2 gene) and 
sensitized and cfiallenged them. These mice developed anapiiy- 
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Fig. 3 Antibody responses of immunized and control mice. Mice were 
immunized witli a single dose of chitosan-pArah2 nanoparticles (single 
dose, GT ); with two doses (one week apart) of chitosan-pArah2 nanopar- 
ticles (G2): with 'naked' pArah2 (G3); or were not immunized (G4), 
a, Anti-Arah2 igA response in fecal extracts 3 weeks (■) and 4 weeks (□) 
after the first immunization, analyzed by Arah2-specific ELISA. Each bar 
represents values of 'pooled' samples from eight mice (five, for negative 
controls), b, Serum anti-Arah-2 lgG2a levels before sensitization (4 weeks 



after first immunization), analyzed by Arah-2 specific ELISA. Each bar rep- 
resents 'pooled' sampled from five mice (two, for non-immunized mice), 
measured in duplicate, c, Increase in serum anti-Arah-2 IgE after sensitiza- 
tion. Serum was collected from the same mice 4 weeks after the first Im- 
munization (before sensitization) and after three sensitizations. IgE levels 
were measured using ELISA. Each bar represents the difference between 
IgE levels after and before sensitization In 'pooled' serum from five 
mice/group (two, for non-immunized mice). 



laxis after challenge with Arah2 similar to that in the control 
mice (data not shown). AH mice recovered in about 2 hours. 

In, the second set of experiments, one mouse frorn each 
itTiniunized and control groups had sudden death that did not 

sc(MT) to be anaphylactic, when challenged after llircc sensitiza- 
tions. This phenomenon was not seen in the first: set of challenge 
experiments. The anaphylactic responses of the remaining mice 
were similar to those in the firsi set nf experiments, and substan- 
tial delay and decrease in anapliyiaclic response were seen in the 
nanoparticle-immunized mice, as described above. 

Plasma histamine levels and vascular leakage 

Histamine release from degranulated mast cells and an increase in 

va;;( i ilr.f pei rncahilil y are two parameters that characterize ana- 
pliviaxis. 1 c cicif'triiii le whether t;lie delayed and le,ss-severe PN-in- 
ijuccii anaphylactic response seen in nanopartide- immunized 
micii was associated witii modulation of fiistarniiie release, we as-^ 
saved plasma hisLamine levels of PN sensitized, imrmmized and 
control mice 10-15 min after Arah2 cliallenge. Ttie iiistamine 
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Fig. 4 Anaphylactic response of mice after Arah2 challenge. Mice {n ~ 6) 
were immunized with a single dose of chit,osan-pArah2 nanoparticles 
(single dose. G1; ♦); with two doses (one week apart) of 
chit05an-pArah2 nanoparticles (G2: ■); with 'naked' pArah2 (G3; •); or 
were not immunized (G4; no symbol). Mice were then sensitized with oral 
and intraperitoneal doses of crude peanut extract, challenged intraperi- 
toneally with recombinant Arah2 protein, and anaphylaxis was then 
scored on a scale of 0 to 5. Results represent average anaphylactic re- 
sponse from two separate experiments. 



level in the group immunized with a single dose was substantially 
lower than that in the control group (Fig. 5a). However, the 
nanopartide 'booster' group, which showed partial protection, 
did not show any substantial reduction In fiistarnine level T(5 as- 
sess changes in the level of vascular permeability upon challenge, 
we injected Evan's hiue (iye through the tail veins of mice from 
the different expeiimeniai groups before PN cliallenge. There was 
lecikage of Evan's blue frorn peripheral vasculature (skin arid feet; 
Fig. 5b). Mice frorn groups immunized with chitosan -DNi\ had 
much less leakage (blue color in tlie footpad and skin) than mice 
from the control and 'naked' DNA-immunized groups. 

Discussion 

This study demonstrates that chitosan-plasmid DNA nanoparti- 
cles delivered orally can modify the immune system in mice and 
protect against food, allergen induced hypersensiti vity. One of the 
main utilities of sucli an oral vaccin!> is its potential to generat:e 
mucosal as well as sysieinic inimuniiy. The mucosal immune sys- 
tem Ls geared not only to proieci against antigenic entry to the sys- 
temic immune system but also to be unresponsive to food 
antigens^'. Peanut allergj' is a 'mucosal disease' in wliich the usu- 
ally unreactive immune system becomes hj^ersensitive to the in- 
gested protein and generates strong, abnormal anaphylactic 
reactions. To protect the host against food allergen-induced ana- 
phylaxis, it is therefore ideal to pre-modify the mucosal immune 
system. Furthermore, the high patient compliance in oral admin 
i.siiatlon, especially ir; children, gives such a delivery .system a con- 
sideral)le advantage. Oral delivery of fJNA encapsulat;ed in 
poly-lactide- CO gjycolide microspheres can generate immune re- 
sponse against rotavirus infections^'*. Oral gene deliveiy for cor 
recting lactose intolerance in a rat model has also been achieved 
u.sing an adeno-associated-viral vector^'. 

Chitosan is a useful oral gene carrier because of its adhesive and 
transport properties in the gut. Available in oral pill form, chitosan 
is used as an alternative therapy to reduce dietary fat absorption 
and cholesteroP'"' . Its safety and non toxicity iias been shown in 
animal models and in humans^ '"^ Chitosan. when complexed 
with plasmid DNA, can form stable nanoparticles that can be en- 
docytosed by cells in the gas1;roitttestinal tract. As chlt;osan is a 
mucoadhcsivc jsolyiner""'^, such DNA nanoparticles might adhere 
to the gastrointestinal epithelia, be iranspoited across i he mucosal 
boundary by M cells and transfect epithelial and/or immune cells 
in the gut associated lymphoid tissue eitlier direcdy or through 
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Fig. 5 Histamine levels and vascular leakage after sensitizatirjn and chal- 
lenge. Mice were immunized with a single dose of chilosan-pArah2 
nanoparticles (single dose, G1); with two doses (one weel<. apart) of chl- 
tosan-pArah2 nanoparticles (G2); or with 'naked' pArah2 (G3). a, Levels of 
plasma histamine (average of two mice) in mice after sensitizations and 
cfiallenge, analyzed by competitive ELISA. 6, Vascular leakage assay. Mice 
were injected with Evan's blue dye immediately before intraperitoneal chal- 
lenge with Arah2 and monitored for vascular leakage in the extremities. 
Bine color (G3) in periplieral tissues indicates dye leakage through the vas- 
cular bed because of increased capillary permeability due to anaphylactic or 

allergic response. Absence of blue color (G1 and G2) indicates absence of 0 .; . i I . ■. ! . 

anaphylactic vascular leakage. G3 gi G2 
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'antigen l.rarisfer', as suggested by i.he P-galactosidase expres.sian 
after chit(.)san-p43LacZ deliveiy. In viiw suidies have also shown 
that chitosaii can enhance transcellular and paracellular transport 
of dmg.s across intestinal epithelial monolayers'''. 

The anaphylaxis response in nanoparticle-immLinized mice in- 
dicettes that considerable protection can be achieved against aller- 
gen challenge by oral delivery of a single dose of plasmid DNA in 
particle formulation. Unfortunately, the results of a single 
'booster' administration -were inconclusive. Furt.her .studies will be 
necessar3' to cletei rrune the- pft'ect of mtiltiple dose.s arid Isineticsfor 
an optimal vaccination ].irotocol. The level of plasma histamine in 
(lu- 'hiaijstier' group aft:er challenge df) noi indic;ate anapfiylaclic 
protection. The fact that same degree of protection was still ob- 
served indicates thai the pathogenesis of allergic .anaphylaxis in 
this murine model may be multifactorial, riie lack of a dose- 
response analysis in this study precludes comparison of this oral 
immunization approach with other vaccination protocols. 

We chose to use a preventive vaccine model instead of a treat- 
ment model. This has a better chance of success, especially in an 
imrnunopathology like allergy, because the immune system is 
sti.ll naive with res|)cc:t to the antigen of interesi and thus can be 
modified in a ,favor;ib]e way. In .a iherapeut.ic model, the imtnime 
system would liave hieen already 'comtnitted' to an anaphylac:tJc 
pathway and thus It might be much more «jtlTicuU to re-route the 
r(;,sponse. However, given tlial. the only trealtnent ni I'ood allergy 
is' complete avoidance of all allergen containing food products 
and often involves aggressive emergency treatments, predmmu- 
nization may be a viable therapeutic model. This animal model 
uses a combination of oral and intraperitoneal sensitizatioiis 
along with intraperitoneal challenge to generate a hypersensitiv- 
ity and anaphylactic response that is probably more severe than 
an oral challenge protocol. ,'\ithough these results do not mean 
that protection will be seen in humans, in whom peanut expo- 
sure is oral, this mode! addresses the irnmurioiogicaJ effects on 
the most severe symptoms and is therefore ifriportaru; for tlaera 
peutic design. Although the optimal dosage. f)rop<;r Ijooster con 
ditlons and efficacy in humans remain to be determined, this 
study demonstrates the potential of oral DN A vaccination against 
food allergy by a biocompatible non-viral vector. 

Methods 

IVlaterials. Chitosan (moloecular weight, about 390,000) was a gift from 
Vanson Chemicals (l^edmond, Washington), Arah2, a PCR-amplified Arah2 
coding region gene segment with the addition of a Kozak consensus trans- 
lation codon, was provided by G. Bannon (University of Arkansas). To gen- 
erate an expression gene construct containing a major peanut allergen 
gene, we ligated Arah2 into pCR3 expression vector containing CMV pro- 
moter/enhancer sequences. The resultant expression construct was called 
pCiVlVArahZ. The plasmid encoding p-galactosidase (p43LacZ) was a gift 
from Barry Byrne (University of Florida). Male AKR/J rnice 4-5 weeks old 
were obtained from, Jackson Lalaoratories (Bar Harbor. Maine). 



b 
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Nanoparticie formulation. Nanoparticles were made by complex coacer- 
vation of chitosan and DNA as reported". Plasmid (10 pg) was added to 
100 ^1 of sodium sulfate and heated to 55 °C. Chitosan (pH 5.7; 0,02% in a 
25 mM sodium acetate-acetic acid buffer) was also heated to 55 X and 100 
of chitosan was added to the DNA-sodium sulfate solution while samples 
were vortexed at high speed for 20 s. Particles were examined immediately 
by light microscopy and stored at room temperature. 

Particle characterization. The particles were characterized by size and zeta 
potential by photon correlation spectroscopy (dynamic light scattering) 
using a Zetasizer 3000 (Malvern Instruments, Southborough, 
Massachusetts) in the 'automatic' analysis mode. The number distribution 
of particle size, as analyzed by the zetasizer. and the zeta potential (pH 5.7), 
as measured in an aqueous dip cell, were used for quality control of the 
nanoparticles. These particles were further characterized by transmission 
and scanning electron microscopy. For transmission electron microscopy, 
freshly prepared particles we.re placed on a glovy-discharged carbon grid, 
allovved to remain theic for a few minutes, and tlien were air-dried. The grid 
rotary shadowed at 7 degrees with platinum, A Zeiss transmission electron 
microscope was used to visualize the particles, i-or scanning electror: mi- 
croscopy, cells were grcwn on coverslips and incubated witli nanospheres 
for 10 mln. After being incubated, tliey were fixed, dehydrsted in graded 
ethanoi, and critical-point dried' by replacing ethanol with liquid CO, in a 
pressurized ciiamber and evaporation of the CO? at room temperature. 
Samples were sputter coated with platinum. The particles on cell surface 
were then visualized through a scanning electron microscope. 

Gene expression. AKR/S mice were fed either ch!tosan.-DNA nanoparticles 
containing ttie LacZ gene (p43LacZ, 50 ng per mice) or 'naked' piasmid 
DNA (p43LacZ), using animal feeding needles. Five days later, the mice 
were killed and their stomachs and small intestines were surgicaiiy re- 
moved, The whole tissues were stained with 4-chloro-5-bromo-3-indolyl-(3- 
galactoside (X-Gal) according to standard protocols. After being .stained 
overnight in a humidified chamber, the tissues were photographed at 
Pathology Photography (Johns l-iopkins l-tospital, Baltimore, Maryland). The 
pictures were scanned into a computer and adjusted for equal brightness 
and contrast using Adobe Photoshop. The tissues were then frozen in 
O.C.T. Embedding Medium (Sakura Finetek USA, Torrance, California) and 
cut into thin sections. The sections were counterstained with nuclear-fast 
red and visualized under a light microscope equipped with a digital camera. 
Pictures were adjusted for equal brightness and contrast in Adobe 
Photoshop. 

Immunization. AKR/i mice were immunized orally with various formula- 
tions using animal feeding needles (Fisher Scientific) attached to a 1-ml sy- 
ringe. Each mouse was fed with a dose of about 50 jig DNA in a volume of 
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500-900 (depending on the formulations). The anaphylactic protection 
experiments w/ere repeated with different experimental and control groups. 
Blood and fecal extracts were collected from Immunized and control mice 
to measure secreted IgA levels in fecal extract, serum lgG2a, increase in 
serum IgE before and after immunization and release of plasma histamine 
after antigen challenge. 

Collection of serum and fecal eKtract. Blood was collected at 4 wee!<s (be- 
fore .sensitizalion) and 7 weeks (immediately after sensitization but before 
challenge) through tail veins. After incubating 30 min to 1 h at room tem- 
perature, the blood was centrifuged at 4 °C for 25-30 min and serum (su- 
pernatant) was collected and stored at -80 °C. Fecal pellets were also 
collected from the same groups of mice at 3 and 4 weeks after Immunization 
and frozen at -80 °C for further measurements. The supernatant of 100 
rrig/mi of fecal pellets dissolved in PBS was analyzed (undiluted samples). 

Sensitization for peanut allergy. All mice were sensitized three times, 1 
week apart, with crude peanut extract. Each sensitization was done over 2 
consecutive days; on the first day, by oral administration of 1 mg crude 
peanut extract with 10 ug cholera toxin per mouse and on the second day, 
by intraperitoneal administration of 0.5 [ig extract per mouse with aluminum 
hydroxide as adjuvant. Each administration volume was 200 [jI per mouse. 

ELiSA measurements. Serum ',vas collected before and after sensitization 
and analyzed by ELISA to determine IgE and lgG2a levels, ELISA was done on 
fecal extracts to measure secretory IgA, Plates were coated with HAS-DNP 
standards or.ArahS protein (10 jjg.'mll at 4 "C overnight. Plates xvere blocked 
for li at 37 °C with 1% BSA-PBST, Sertim samples wei'e "pooled' for each 
qruup. added in duplicate (1:5 dilution for IgE and 1 ;20 for lgG2a) and Incu- 
Dated overnight at 4 °C, Biotinyiated anti-mouse IgA, igE and igG2a (anti- 
DNP monoclonal antibodies lgG2a and IgE as standards) were added, 
followed by streptavadin-HRP and TiVIB sutjstrate. Absorption at 450 nrn 
was measured in a mici opiate manager (BioRad, Richmond, California). For 
histaiTiine measureiTients, immunized and control mice were challenged 
with purified Arah2 and after 1 2-1 5 min, blood was collected from the optic 
a/tery and the plasma was assayed for histamine levels using a competitive 
ELI,SA l5a.sed histamine kit (Immunotech, Westbrook, Maine). 

Challenge with Arah2 and anaphylaxis classification. Non-Immunized 
(sensitized) mice were challenged Intraperitoneal with 200 ug of Arah2 pro- 
tein, Anaphylartic reactions were graded at different time points according 
to the following scoring system: 0, no sign of reaction; 1, scratching and 
rubbing around the nose and head; 2, decreased activity with an increasing 
respiratory rate, pilar erect! and/or puffing around the eyes; 3, labored respi- 
ration and cyanosis around the mouth and tail; 4, slight or no activity after 
prodding or tremors and convulsion; 5, death. 

Vascular leakage study. Anaphylactic vascular leakage was measured using 
Evan's blue assay, Evan's blue dye (200 ,al) was Injected into the tail vein: this 
was immediately followed by inlraperitoneai challenge witti ?00 \ig Arah2, 
IVIice were monitored for 46 min and l<illed to record the effect of .•■inriphy- 
lactic vascular leakage (blue color In the extretnilies). Mice that develop ana- 
phylaxis have blue extremities because of vascular !eal<age: immunized mics; 
that are protected from anapliylaxis are expected to have no (or reduced) 
blue color. Photographs were taken using a Nikon camera and developed as 
ektachrome slides. Slides were .scanned, enlarged and adjusted for bright- 
ness and contrast using Adobe Photoshop. 
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